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ABSTRACT

In a trochoidal-type machine, the rotor and chamber will be in direct contact when apex seals arc removed. The reliability and
efficiency of the machine will depend on the magnitude of these contact forces. In this paper, a finite element model that simulates
the planetary rotation of a rotor inside a chamber is developed. The model is then used to analyze contact forces between rotor and
chamber for a range of shaft angle. The results from this model are compared with the results from a simplified analytical model.
Good agreements are obtained. This model will be fi.niher developed in the future to do dynamic contact analysis in a trochoidal-typc
machine without apex seals.
INTRODUCTION
Trochoidal-type machines belong to the category of planctm}' rotation machines. Because of simplicity, compactness, possibility
ofhigher speeds, high power-to-weight ratio, and low operating noise, they offer significant advantages over other types of machines.
They provide a wide range of applications, such as engines, pumps, compressors, and blowers.
The contact problem in a trochoidal-type machine has been studied by several researchers. Hall analyzed the contact forces and
stresses in a gerotor-type pump where chamber is fanned by circular-arc teeth. Hall [1968] derived an impmtant equation for the
minimum radius of cwvature of rotor. Colboume [I 97 6] applied the equation to modify the gerotor parameters and reduced the
contact stresses. Later, Hoffmann [1975] designed, manufactured and tested a trochoidal-type gas compressor. He discovered that
apex seals contJ.ibuted approximately 25% of all friction drive due to seal, and suggested eliminating apex seals by keeping tight
running clearance in order to improve the life and efficiency of the machine. Shung and Pennock [ 1994a] derived closed form
equation of type 2(bii) inner conjugate envelope for peritrochoid. Since there is no cusp on this type of envelope, it is a good
candidate for trochoidal-type machine without apex seal. Reducing the contact force in a trochoidal-type machine without apex seals
is important. Shung and Pennock [ 1994b] developed an analytical model to predict the normal contact forces between rotor and
chamber. They also developed a combined model (analytical model and finite element model) to include friction and deformation
at the contact regions. Kannan and Shung [1995] applied finite element method to study the variation in running clearance in a
trochoidal-type pump when design parameters were changed but the rotor position remained the same. In this trochoidal-type pump,
the chamber is a peritrochoid, and the rotor is a type 2(bii) inner conjugate envelope. The pinion gear is attached to the rotor, and
the ring gear is attached to the chamber. The pinion gear rolls inside the ring gear through an eccenttic shaft, and the rotor does
planetary rotation inside the chamber. The pockets between rotor and chamber provide the necessary positive displacements for this
type of machine. In this paper, this model is developed fmther so that the model simulates the planetary rotation of a rotor inside
a chamber and contact forces due to shaft deflection can be studied for a range of shaft angle.

ANALYTICAL MODEL
First a simplified analytical model is developed. Later the contact forces from this model are compared with the contact forces
from Finite Element Analysis (FEA) and the shift of the rotor center due to body force is applied as shaft deflection to the finite
element model developed in the next section.
A model for the analysis of the contact forces is shown in Figure 1. Ocis the center of the chamber, OR is the center of the rotor,
Pis the pitch point, and ~ is the jth contact regioxt The body force acting on the rotor is relocated from OR. to P with a corresponding
moment Mb and can be expressed as
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(1)

where PR is the mass density of the rotor,

7; is the thickness of the rotor, AR

is the cross sectional area of the rotor, e is shaft

eccentricity, and y is shaft angle. The jth contact region on the chamber is modeled as a linear spring with a spring constant k1 and
a spring deflection u1, as shown in Figure 1. Therefore, the contact force at the jth contact region can be expressed as

F.=kll
..
J
J J,

) "=1···11
'

'

(2)

t

where n, is the number oflobes on the trochoid (chamber).
To simplify the force analysis, a Caziesian reference frame (denoted by X 1 - P- Yr) is attached to the chamber at P. The Xraxis
is chosen to coincide with the body force acting at P, and the Y r axis is 90° counterclockwise from the Xr axis. The body force can
then be expressed as

(3)
where

(4)

When the body force is applied to the rotor, the location ofP will shift. The small linear displacements along the Xr axis andY r axis
are denoted by ..1.-lj and L1Yp respectively. The displacement along the outward nonnal of the rotor smface at the jth contact region
is denoted by cj. The direction of this displacement can be defined by

(5)

where

~-=tan- 1 (
'1

(PQ)
Y) ·
(PO.)
'
-)X

(6)

j=l, ... ,n1

The angle of the contact force measured from the Xr axis, as shown in Figm·e 1, is

(7)
A positive displacement along the outward nonnal indicates that the spring is in compression, and c1 is equal to ~e spring
deflection. A negative, or zero, displacement indicates that there is no spring deflection and, therefore, no contact force~ t.e.
Uj -c
- j

Tij

c1>0 ,· u1.=0

1ij

c1.s;O
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(8)

where

(9)
A positive normal contact forces can be expressed in tem1s of the Ll¥;-and LlY_r; i.e.

(10)

From Ne\\1on's second law, thcX and l'{componcnts of the summation of all positive contact forces, respectively, are
1

(lla)

(lib)

The components of the displacement ofthe pitch point can be expressed as

~Y=-S

f

LlXf

(12)

a

where

(13a)

(l3b)

and rf'i's are the angles of positive contact forces measured from Xr axis. Since the positive contact forces are calculated by including
only the ifr.J's corresponding to the positive contact forces, an iterative procectw·e developed in the previous paper [Shung
and
Pennock, 1994b] is applied here to identifY and calculate the positive contact forces.
The displacement of the rotor center can be expressed in the directions of X. axis andY, axis.

(14a)
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(14b)

FINITE ELEMENT MODEL

In order to simulate the planetary rotation of rotor and study the contact between the rotor and chamber due to the shaft deflection,
the Rotor-Chamber model is developed and shown in Figure 2. Following assumptions are made in this model.
a. The shaft deflection due to the body force can be approximated by the shift of the rotor center in the analytical model.
b. Friction between the rotor and the chamber is neglected.
This model is created by using a finite element analysis package ANSYS [DeSalvo and Gonnan, 1994]. The rotor and chamber
are assembled by using two-dimensional plane clements (PLANE42). Contact elements (CONTAC48) are placed between the rotor
and chamber to detect possible contact. One thousand three hundred and sixty eight contact clements are installed in this model.
Then two sets ofbcam clements (BEAM3) and two torsional spring elements (COMBINI4) are installed. The first set of beam
element contains one beam element which connects the center of the chamber (node 3000) and a node (300 1) under the center of
the rotor. Tills set ofbcam element allows ti1c rotor to rotate"{ angle with respect to the center of the chamber. The torque acting at
the center of the chamber is applied through a torsional spring connecting nodes 3000 and 3003 which is fixed completely and under
the center of the chamber. The second set of beam clement contains four beam clements which connect ilie center of the rotor (node
3002) and four different nodes on the rotor to fom1 four spokes as shown in Figure 3. This set of beam clements allows the rotor to
rotate oangle with respect to its own center. The torque acting at ti1c center of ti1e rotor is applied through another torsional spring
connecting nodes 3002 and 3001 which coincides with the center of the rotor. Also for the geometries of the rotor and chamber shm:vn
in Figure 3, the angular velocity ofilic shaft (dy /dt) is tour times of the angular velocity of the rotor (do/dl) and their directions are
opposite to each oti1er. In order to check ti1e displacement of the rotor when the planetary rotation is simulated, nodes A and B arc
deftned. Node A is the center of ti1c rotor and node B is on the circumference of the inner circle of ilic rotor. The displacements of
nodes A and B can be calculated and compared with the values from FEA. It can be shown that the planetary rotation of the rotor
is achieved by updating angles y and oof the first and the second sets of beam clements respectively.
RESULTS

When the shaft angles arc at 35, 40 and 45 degrees, and the shaft is not deflected, the contact forces between the rotor and the chamber should

be zero theoretically since the rotor profile is the inner conjugate envelope of the chamber profile. Bullhe results from FEA shown in Table I are

non-zero at the first two contact regions. When the shaft angles are at 35,40 and 45 degrees, and shaft deflection is considered, the contact forces
between the rotor and the chamber are listed in Tables 2(a) to 2© respectively. The results from the analytical model are in good agreement with
the one from the ANSYS model and they appear at the same contact regions.
The possible reasons for the small discrepancy ofthc results from these two models arc:
a. The linear approximation ofthc rotor and chamber profiles in the finite clement model. This causes non-zero contact forces even when there is
no shaft deflection. These contact forces arc relatively small when they are compared with the contact forces due to shaft deflection.
b. The rigid nature of the analytical model. This causes more displacement at the contact regions although the shaft displacement is the same in both
models.
CONCLUSION S

This paper presents a finite element model to simulate the planetary rotation of a rotor in a trochoidal-type machine. The contact
forces between the rotor and the chamber due to the shaft deflection are obtained for a range of shaft angle. When they are compared
wiili the contact forces from the simplified analytical model, a good agreement is obsenred.
In view of the current study, futw-e research directions of this project may be:
a To include pressure forces from the pockets. CuiTently only the body force is considered. Pressure forces dominate at low speed.
b. To include the shaft in the finite element model. Cunently only rotor and chamber are considered. One beam element is used to
simulate the motion of the shaft. In order to study contact forces between the shaft and the rotor, the shaft should be included.
c. To develop this finite element model finiher for dynamic analysis. Since at high speed, the past inctiia effects are significant, the
dynamic analysis should give more accurate results.
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FIGURES & TABLES
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Figure 1 Model for analysis of contact forces.
Figme 2 Rotor-Chamber finite element modeL
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Table 2(a) Contact forces (N) with shaft deflection at y =35°

Analytical Model
Ql

0.8065e4

ANSYS model

ratio

0.7896e4

1.021

Q2

0.0

0.0

0.0

Q3

0.0

0.0

0.0

Q4

0.0

0.0

0.0

Q5

0.4545e3

0.977

0.4650e3

Table 2(b) Contact forces (N) with shaft deflection at y = 40°

Analytical Model

ANSYS model

ratio

Figure 3 Beam elements in rotor-chambe r model.

Table 1 Contact forces(N) without shaft deflection.

35°

40°

Ql

0.8084e4

0.7983e4

1.013

Q2

0.8585e3

0.8862e3

0.970

Q3

0.0

0.0

0.0

Q4

0.0

0.0

0.0

Q5

0.0

0.0

0.0

45°

Ql

0.0

0.4933e2

0.4785e2

Q2

0.0

0.1062e2

0.8235el

Q3

0.0

0.0

0.0

Q4

0.0

0.0

0.0

Q5

0.0

0.0

0.0

Table 2(c) Contact forces {N) with shaft deflection at y
Analytical Model

ANSYS model

:o

ratio

Ql

0.8089e4

0.799le4

1.012

Q2

0.2140e4

0.2072e4

1.033

Q3

0.0

0.0

0.0

Q4

0.0

0.0

0.0

Q5

0.0

0.0

0.0
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45°

